Background: Representatives of the phylum Chloroflexi, though reportedly highly abundant (up to 22 30% of total prokaryotes) in the extensive deep water habitats of both marine (SAR202) and 23 freshwater (CL500-11), remain uncultivated and uncharacterized. There are few metagenomic 24 studies on marine Chloroflexi representatives, while the pelagic freshwater Chloroflexi community 25 is largely unknown except for a single metagenome-assembled genome of Results: Here we provide the first extensive examination of the community composition of this 27 cosmopolitan phylum in a range of pelagic habitats (176 datasets) and highlight the impact of 28 salinity and depth on their phylogenomic composition. Reconstructed genomes (53 in total) provide 29 a perspective on the phylogeny, metabolism and distribution of three novel classes and two family-30 level taxa within the phylum Chloroflexi. We unraveled a remarkable genomic diversity of pelagic 31
In recent years, a combination of improved cultivation techniques and the use of cultivation-free reservoirs and rivers but not in the marine habitat, suggesting it has been incorrectly referred to as 93 a "marine group". Another group of sequences, referred to as JG30-KF-CM66, described from 94 diverse environments (uranium mining waste pile, soil, freshwater, marine water column and 95 sediment) was found to be preferentially distributed in rivers (particularly the River Amazon) than 96 lakes ( Figure 1A and B ), albeit at very low abundances (maximum 1% of total prokaryotes). Similar 97 abundances were found in the brackish Caspian Sea (depths 40m and 150m) (Supplementary 98 Figure S2 ). 99
However, we could find no support for the presence of either the SAR202 cluster or its freshwater 100 sister clade CL500-9 in all freshwater metagenomic datasets examined. In marine and brackish 101 habitats, SAR202 are almost exclusively found in the dark aphotic layers, where they account for appear to coexist throughout the year (March, May and November) with one species branching 144 together with the previously described MAG from Lake Michigan (CL500-11-LM) [16] , and the other 145 species having close representatives also in the brackish Caspian (>95% ANI) and similar 146 metagenomic fragment recruitment patterns (Figure 2 an 4C). We propose the candidate genus 147 Profundisolitarius (Pro.fun.di.so.li.ta'ri.us. L. adj. profundus deep; L. adj. solitarius alone; N.L. masc. 148 n. Profundisolitarius a sole recluse from the deep) within Candidatus Profundisolitariaceae fam. 149 nov. for the CL500-11 cluster (class Anaerolinea). 150
On the other hand, the SL56 group is the dominant lineage in the Řimov reservoir (maximum 1.1%), 151 both by 16S rRNA and CARD-FISH analyses (Figure 1 and Figure 3 ). Maximal abundances were 152 nearly always found at around 5-20m at temperatures of ca. 15ºC, suggesting that this group is 153 primarily epilimnetic ( Supplementary Figures S3 and S4 ). This region of the water column 154 (thermocline), apart from having a temperature gradient, also has significantly lower light intensity 155 in comparison to surface layers. Peak abundances of the low light adapted cyanobacterium 156
Planktothrix rubescens [32] at around 13m depth in the stratified summer profiles of Lake Zurich, 157 coincide with maximal abundances of the SL56 (Supplementary Figure S3 ). SL56 cells are rod- Figure 3E ). To the best of our knowledge, this is the first report of a freshwater specific Chloroflexi 160 group that appears to thrive in the epilimnion. 161
A total of 14 MAGs were recovered for SL56 cluster (1 containing 16S rRNA) and form a class level 162 lineage, considerably divergent from all known Chloroflexi (Figure 2 ). Their sole relative is a single 163 MAG (Chloroflexi CSP1-4) described from aquifer sediment [33] . The 16S rRNA clade to which the 164 CSP1-4 reportedly affiliates to is Gitt-GS-136 [33] and the majority of sequences in this clade 165 originate from either soil or river sediments (information from SILVA taxonomy). However, we were 166 unable to detect any 16S rRNA sequence (partial or complete) in the available genome sequence 167 of CSP1-4. The next closest clade (in the 16S rRNA taxonomy) to Gitt-GS-136 and SL56 is KD4-96, 168 whose sequences were obtained from the same habitats (See Supplementary Figure S1B ). In 169 addition, all known 16S rRNA sequences from the SL56 group originate only from freshwaters (Lake 170
Gatun, Lake Zurich etc.). Taken together, it appears that the closest phylogenetic relatives of the 171 freshwater SL56 lineage inhabit soil or sediment habitats. 172 SL56 MAGs were reconstructed from geographically distant locations (Europe, North and South 173 America, Figure 2 ) and at least nine different species could be detected (ANI, Figure 1 ). No MAGs 174 were obtained from Lake Biwa samples but three 16S rRNA sequence were retrieved in unbinned 175 contigs. The reconstructed MAGs are globally distributed along the freshwater datasets from the 176 epilimnion (none detected in the deep hypolimnion) ( Figure 4 and Supplementary Figure S6 ). No 177 SL56 MAGs were reconstructed from the Caspian Sea and none of the recovered genomes 178 recruited from brackish metagenomes. We propose the candidate genus Limnocylindrus 179 (Lim.no.cy.lin'drus. Gr. fem. n. limne a lake; L. masc. n. cylindrus a cylinder; N.L. masc. n. 180
Limnocylindrus a cylinder from a lake) within Limnocylindraceae fam. nov., Limnocylindrales ord. 181 nov., and Limnocylindria classis. nov. for the Chloroflexi SL56 cluster. 182 TK10 16S rRNA sequences were found at highest abundances in Lake Biwa hypolimnion samples 183 (maximum ca. 2%) ( Figure 1A and C). Cells were ovoid with an estimated length of 1.08 ± 0.1 µm 184 and width of 0.84 ± 0.09 µm (n=12; Figure 3E Supplementary Table S2 ). did not encode genes for LPS biosynthesis and no secretion systems, apart from Sec and Tat were 247 detected (Type I -IV secretion systems that are anchored in the outer membrane are absent) 248
( Supplementary Table S2 ). Taken together the comparative genomics of available Chloroflexi 249 genomes bolster inferences that while electron micrographs suggest two electron dense layers in 250 most members of this phylum, Chloroflexi likely possess a single lipid membrane (monoderm) 251 rather than two (diderms) [42] . 252
Rhodopsin-like sequences were recognized in 18 MAGs of this study from representatives of 253 CL500-11, Chloroflexia, SL56, and TK10 that are phylogenetically closest to xanthorhodopsins 254 (Supplementary Figure S8A Figure S8D ), suggesting that a 260 carotenoid antenna may be bound, making at least some of these sequences bonafide 261
xanthorhodopsins. 262
Even representatives of CL500-11 and TK10 that are primarily found in the hypolimnion during 263 stratification are capable of phototrophy, however, they can potentially access the photic zone 264 during winter and early spring mixis. Apart from rhodopsin-based photoheterotrophy, we also 265 Limnocylindria'). However, related 16S rRNA clones have been recovered from soil/sediments for 279 both these groups, suggesting transitions to a pelagic lifestyle. Factoring the absence of related 280 marine 16S rRNA sequences for these groups, in addition to their undetectability in marine 281 metagenomic datasets also suggests an ancestry from soil/sediment rather than the saline 282 environment. While the possibility of a marine origin cannot be formally excluded, the directionality 283 of a transition from soil/sediment to freshwater water columns appears most likely. Moreover, 284
given that 'Ca. Limnocylindria' and 'Ca. Umbricyclopia' diverge prior to the divergence of the classes 285
Dehalococcoidea and marine SAR202 (class 'Ca. Monstramaria'), which are the only ecologically 286 relevant marine Chloroflexi known as yet (the former in marine sediments and the latter in deep 287 ocean water column), it is likely that ancestral Chloroflexi originated in a soil/sediment habitat. The 288 success of marine SAR202 in the deep oceans is remarkable, it is the most widely distributed, 289 perhaps numerically most abundant Chloroflexi group on the planet. However, some 16S rRNA 290 sequences from its closest relatives, Dehalococcoidea, have also been recovered from freshwater 291 sediments, even though the vast majority appear to be from deep marine sediments (both anoxic 292 habitats). 293
In this study, we significantly expand our conceptions regarding the diversity of pelagic Chloroflexi 294 and their possible origins from soil/sediment habitats. Similar evolutionary trajectories are 295 beginning to be visible for other freshwater microbes, e.g. the closest relatives of freshwater 296 Actinobacteria ('Ca. Nanopelagicales' [2]) being soil Actinobacteria or the transition of 297 methylotrophic Betaproteobacteria ('Ca. Methylopumilus') from sediments to the water column [4, 298 sediment and soil habitats we will finally be able to reconstruct the sequence of events that have 300 led to the complex mosaic of freshwater microbial communities as we see them today. Lake Zurich (n=2) was performed using Illumina HiSeq4000 (2x151bp, BGI Genomics, Hong Kong, 323
China), additional samples from Lake Zurich (n=4) were sequenced using Illumina HiSeq2000 324 (2x150X bp, Functional Genomics Center, Zurich, Switzerland) and Lake Biwa samples (n=7) were 325 sequenced using MiSeq (2x300bp, Bioengineering Lab. Co., Ltd. Kanagawa, Japan). and sequence statistics (number of reads, read length, dataset size) of all metagenomes generated 328 in this study are provided in Supplementary Table S3 . 329 reads from each dataset were compared to this reduced set and an e-value cutoff of 1e-5 was used 333 to identify candidate 16S rRNA gene sequences. If a dataset had less than 10 million reads, all 334 reads from the dataset were used to identify candidate sequences. These candidate sequences 335 were further examined using ssu-align, and segregated into archaeal, bacterial, and eukaryotic 336 a high level taxon if the sequence identity was ≥80% and the alignment length was ≥90 bp. 339
Sequences failing these thresholds were discarded. The 16S rRNA reads belonging to the phylum 340
Chloroflexi were furtherly segregated to lower taxonomic levels of the SILVA taxonomy. 341
Assembled 16S rRNA sequences from the freshwater metagenomes and 16S rRNA gene 342 phylogeny. Assembled 16S rRNA sequences of the 120 assembled freshwater datasets were 343 identified using Barrnap with default parameters (https://github.com/tseemann/barrnap). Genes 344 encoding 16S rRNA were aligned using the SINA web aligner [53] , imported to ARB [54] using the 345 and TK10 (see Supplementary Table S4 for details). A total of 54 16S rRNA sequences from 371 multiple groups of freshwater Chloroflexi (e.g. CL500-11, SL56, TK10, and JG30-KF-CM66, 372
Supplementary Figure S1A ), were extracted from MAGs (n=7) or unbinned Chloroflexi contigs 373 (n=47). These additional sequences were used to supplement a local reference database for 374 prokaryotes (see methods) and design FISH probes for these groups. Probe design based on 16S 375 rRNA genes was done in ARB [54] . A bootstrapped maximum likelihood tree (GTR-GAMMA model) 376 of 16S rDNA sequences (Supplementary Figure S1 ) served as backbone for probe design with the 377 ARB tools probe_design and probe_check. The resulting probes with their corresponding competitor 378 and helper oligonucleotides ( Supplementary Table S4 ) were tested with different formamide 379 concentrations to achieve stringent hybridization conditions. CARD-FISH stained samples were 380 analyzed by fully automated high-throughput microscopy [ [B], and CL500-11 [C] against freshwater and brackish datasets. Freshwater datasets belong to 707 the lakes and reservoirs from Europe (16), Asia (9), South (5) and North America (47) and brackish 708 datasets include three depths (15m, 40m, and 150m) datasets of the Caspian Sea (complete list 709 of datasets used and their metadata is available in Supplementary Table S3 ). The hypolimnion 710 datasets of Lake Zurich, Lake Biwa, and Caspian Sea are shown in black boxes. Genomes belonging 711 to the same species are shown in a gray box. 712 713 714
